Abstract-Although numerous valuable research has been conducted by many authors, the relation between evolving mechanical faults and their fault-indicating reflections in the electrical signals of rotating electric machinery still requires extensive attention. This lack of information implies serious obstructions in the evolution of applying motor current signature analysis as a complete and reliable condition monitoring technology. However, as previous research of the authors resulted in the construction of a unique test-bench where specific mechanical faults can be introduced into an 11kW induction machine with high reproducibility and accuracy, the relations between evolving mechanical faults and their reflections in the stator current can be investigated and quantified experimentally. Using this mechanical fault-emulator, experiments where conducted where the severity of a single point outer race bearing fault and its corresponding signature in the stator current's spectral fault-components are accurately analyzed. These evolving faulty components are trended and characterized, resulting in the desired quantification of the mechanical fault-severity. Based on these results, it is possible to inversely estimate the severity of single point outer race bearing problems by acquiring nothing more then the stator current timefunctions.
I. INTRODUCTION
Validation is an implicit part of developing a condition monitoring technology. Reasonably, as the increase of the machine's reliability can only be a consequence of implementing reliable technologies. Due to the need of validation on an academic level (technical proof-of-concept), many authors have been searching extensively on methodologies which can implement quantified bearing-related faults in electric rotating machinery with focus on both reproducibility and industrial relevance, [1] - [10] . The widely accepted and applied method is replacing one of the bearings of the machine under test by a bearing suffering from an artificially implemented fault (e.g. emulating single point bearing pitting by drilling holes through the outer race, [3] - [10] ). That method satisfies the need of proving the feasibility of some technologies, but is inadequate to perform detailed, reproducible research on e.g. estimating the severity of evolving condition monitoring technologies. This is mainly because, unfortunately, the reproducibility is lost by remounting the bearing, as system characteristics such as stiffness and damping highly depend on the mounting of the bearing and have a severe impact on the machine's faulty behavior. It should be noted that this obstruction is of less value when vibration-based condition monitoring is tested. Comprehensibly, as accelerometers measure the interacting forces (proportional to acceleration) between the stator and the rotor, while current analysis highly depends on the displacement between the stator and the rotor. This implication confirms the importance of the system's characteristics. Nevertheless, the way artificial faults are generally machined onto the bearing is often not equivalent to realistic, industrial conditions. Consequently, the relevance of the obtained results decreases impermissible.
The core research of the authors concerns the detection of mechanical faults in electric rotating machinery by analyzing the machine's electrical signals. A few decades ago, research sufficiently proved the feasibility of using the stator current to examine both the electrical and mechanical conditions of the electric machine, [1] - [3] , [11] . Unfortunately, until today, the determination of severity-stages when specific mechanical faults are evolving is still lacking, [12] . Due to the absence of the urgency-statement when a mechanical problem is detected, the technology is unfortunately categorized as unserviceable. Comprehensively, because the machine's operator is deficiently informed with an alarming message such as "There is a problem with the drive-end bearing of machine X.". The operator needs a time-based severity estimation in order to be able to plan the reparation and/or replacement, fully depending on the urgency of the problem. This shortcoming can only be nullified if the relation between mechanical faultseverity and their reflection in the electrical signals e.g. the stator current can be investigated thoroughly. Driven by this problem-statement, the authors created a novel method in order to emulate mechanical faults with high reproducibility and accuracy, [13] . Consequently, investigating the relations between mechanical fault-severity and the stator current fault signatures under different environmental influences becomes possible. The fundamental principle of the fault-emulator is the replacement of the drive-end side mechanical bearing of an 11kW Induction Machine (IM) with an Active Magnetic Bearing (AMB). Thereby, the radial position of the rotor can be manipulated at every moment in time with respect to the stator's position. Because an occurring mechanical fault can commonly be characterized as a specific radial movement between the machine's rotor and stator, mechanical faults can be emulated by accurately controlling the set-points for the magnetic bearing. As a result, specific rotor-movements related to quantified mechanical faults can be imposed onto the machine with a wide variety of controllable environmental conditions. All this while the IM's electrical signals are carefully analyzed. The most vital and challenging part in this approach is characterizing the movements between the rotor and stator during evolving faulty conditions. Those movements are analytically obtained and validated in [13] for single point bearing faults and are further analyzed and applied in this paper.
The specification of the rotor-movements when a single point outer race bearing pit is developing is handled in §II. This with the focus on the dependency of the fault's dimensions, severity and other parameters on those movements. The obtained movements will serve as set-points for the AMB, of which the principle, dimensioning and implementation is briefly discussed in §III. Specific scientific details regarding §II and §III can be found in [13] . After completely constructing and implementing the whole AMB-system, extensive experiments are conducted. The relation between an evolving single point outer race bearing fault and the stator current's signature is measured, spectrally analyzed and discussed in §IV. Conclusions regarding this paper and a view on future research can be found in §V. The fundamental idea of the mechanical fault-emulating test-rig is inducing a well-known movement of the rotor with respect to the stator. In this paper, that specific movement has to correspond to a quantified bearing fault. Consequently, information must be acquired about the radial rotor-movements for all kinds of single point outer race bearing faults regarding severity conditions, rotor speed, bearing fault location, bearing parameters, bearing properties. . . It would be advantageous if those movements can fully be obtained by an analytical approach, so different rotor-movements under changing conditions can be rapidly calculated by a real-time controller and sequentially induced in the fault-emulator. In order to do so, the machine's ball bearing is defined as a Two Degree Of Freedom (2DOF) mass-spring-damper system with both a horizontal and vertical freedom of motion (Figure 1) , [14] . The system is completely described by a mass m r , a radial stiffness k r and a radial damping c r , combined in the set of force-equations:
II. BEARING FAULT ROTOR-MOVEMENTS
The mass m r is the equivalent mass of the rotor supported by the bearing. y(t) and x(t) represent respectively the vertical and horizontal position at time t. f y (t) and f x (t) are representing the acting forces between the rotor and the stator.ÿ(t),ẍ(t) andẏ(t),ẋ(t) are respectively the acceleration and velocity of the rotor with respect to the stator in the vertical and horizontal direction. The time-based force-functions, f y (t) and f x (t), can be constructed in such a way that they fully represent the faulty bearing's behavior. This is theoretically possible because the bearing fault actually imposes specific interacting forces between the stator and rotor. By exciting the 2DOF-system with the obtained fault-related force-functions using mathematical algorithms [15] , the resulting system responses, x(t), will completely determine the rotor-movement for each specific faulty condition. The following subsection will briefly handle the construction of those force-functions for single point outer race bearing faults. Using these advanced algorithms, rotormovements for a wide range of faulty bearing-conditions can be obtained with high accuracy.
A. Outer race bearing fault
In order to obtain the interacting force-functions between the rotor and the stator f y (t) and f x (t) for a specific case, the faulty condition must be characterized precisely. Regarding the characterization of single point outer race bearing faults, a single point pit is plotted in Figure 2 . The pit is defined by the length l pit , depth d pit and angle γ pit . The angle α pit is the angular position of the pit on the bearing's outer race with respect to the vertical centerline through the bearing's center point. By the quantification of this pit, calculations can be made regarding the interacting forces when a bearing ball (and so the unsupported rotor) falls into the pit and is subsequently restored in its original circular track. During rotation, the presence of the pit in the outer race has an unique periodic impact on the rotor's position. This periodicity, t o , is related to the speed by which the bearing balls are passing the pit. This period determines the fundamental period of the faulty force-functions and is as well the frequency that can be found in the stator current's spectrum (modulated on the fundamental current component, [2] - [4] , [10] ). As the outer race pit can be located at every angular position (defined by α pit ), the 2DOF-system gets always excited in the two directions x and y (except for α pit = − π 2 ; 0; π Therefore, the faulty force-function is subdivided in a vertical and horizontal force-component, respectively f y (t) and f x (t). For illustration, the vertical force-function acting on the 2DOF-system is shaped and parameterized in Figure 3 . The magnitudes of the fault-related force-function is defined by a negative force I n,y (when the rotor is in free fall) and a positive force I p,y (when the rotor is pushed back to the center). These forces have a corresponding duration of acting defined by t n and t p . All these mentioned parameters are defined for α pit ∈ − π 2 ; π 2 as follows, [13] :
with:
and with: g, the gravitational acceleration; n b , the number of bearing balls; f r , the rotational speed; pd, the pitch diameter; bd, the bearing ball diameter and β, the bearing contact angle. Regarding the horizontal force-function f x (t), the times t o , t p and t n remain exactly the same. Due to the change of direction of the gravitational force, the magnitudes I p,x and I n,x can now be written as, [13] :
I n,x = 0
When a single point bearing fault is evolving in terms of severity, the main varying parameter is the pit-length l pit as detailed later on in the paper. In order to analyze the effect of severity on the force-functions, Figure 4 is obtained which visualizes the relation between the positive force-magnitude I p,y and the pit-length l pit . It can be concluded that the relation between the main fault-related force and the severity of the fault is defined by a quadratic function. However, that doesn't imply that the relation between fault-severity and the signatures reflected in the stator current will be quadratic, because the rotor-displacement is equally depending on the time t p as it is on the force I p,y . Using the mathematical software-tool described in [15] , the 2DOF-system is analytically excited by the force-functions obtained for a specific case of which the parameters are listed in Table I . The corresponding vertical response-function, in position x(t), is presented in Figure 5 .
With the use of this method, the rotor-movement of each specified single point outer race bearing fault can be obtained for a wide variety of influential conditions regarding rotor-speed, pit-dimensions, bearing-parameters, bearing-characteristics. . . Figure 5: Vertical rotor-displacement for a single point bearing outer race fault (parameters specified in Table I) In order to visualize the effect of an evolving single point pit on the absolute movements of the rotor with respect to the stator, Figure 6 is constructed by simulations. In that figure, the maximum displacement of the rotor with respect to the stator is presented as a function of both the pit-depth and pit-length. The analysis clearly elucidates the influence and impact of both the depth and length of the pit on the rotormovements. The depth of the pit plays an important role when the pit is sufficiently long. This because for long pits, the falling bearing ball collides with the bottom of the pit. From that point on, when the pit-length further increases, it does not influence the movement of the rotor in magnitude anymore. Logically, because the force needed to restore the bearing ball in the circular track remains equal. Additionally, the pit-depth does not have any influence on the movements for short pits, because the bearing ball does not have time to reach the bottom surface of the single point bearing pit. As the severity of single point outer race bearing-faults is largely characterized by the length of the pit, emulations are made with the pit-length as main varying parameter. To exclude a strong influence of the pit-depth on the measurements, a realistic depth of 200μm is chosen for the experiments conducted in §IV. The rotor/stator-movements are analytically defined for numerous single point inner and outer race bearing faults. That knowledge creates the opportunity of emulating those bearing faults in an electric machine. This goal can only be achieved when those specific rotor-movements are imposed on a machine with high precision and reproducibility. As mentioned in §I and conceptually presented in Figure 7 , an IM's drive-end bearing is replaced by an AMB in order to introduce the faultrelated rotor-movements. Consequently, the rotor's position can be manipulated at every moment in time according to the response-functions obtained in §II-A. However, the magnetic bearing must be able to take over the key functionalities of the original mechanical bearing. This consists of counter-forcing gravity, mechanical (mass) unbalance, unbalanced magnetic pull and any other imposed external forces. All these forces in combination with the desired rotor-movements determine the power-range and so the physical dimensions of the bearing, expressed in [13] , [16] , [17] :
A a · cos α (9) with: F , the resulting force; μ 0 , the permeability of vacuum; N , the number of turns in the coil; i, the current through the coil; l stat , the length of the flux path through the AMB; l sh , the length of the flux path through the rotor-shaft; μ rstat , the relative permeability of the AMB's laminated electrical steel; μ r sh , the relative permeability of the rotor-shaft; z, the mean air-gap between the two AMB-poles and the rotor-shaft; A a , the cross section surface of one pole and α, the angle between the generated force and one pole. Fortunately, lots of research has been done on dimensioning magnetic bearings, their control and their dynamic behavior which could easily be translated into this project, [16] - [20] . In order to obtain a realistic fault-emulator, it is of paramount importance that the magnetic bearing behaves exactly the same as the original mechanical bearing would behave. The interacting forces between the rotor and the stator must be equal for both systems. Therefore, the stiffness and damping characteristics of the mechanical bearing (available from the bearing supplier) are implemented in the control-loop of the magnetic bearing. That control-loop controls four H-bridge current sources (one for every direction: up, down, left and right) based on two-axis radial position measurements. By applying current sources with a sufficiently high DC busvoltage of 175V, fast varying currents can be induced in the bearing's coils. As a result, high dynamic forces can instantaneously be generated in the bearing. This is essential, as the established forces must be dynamic enough to impose, next to the counter-forces, the obtained rotor-movements. Since extensive simulations and fine-tuning of the electrical/mechanical system confirmed the technical proof-ofconcept with specific properties and conditions, the magnetic bearing was built and implemented in the 11kW IM, presented in Figure 8 . An aluminum frame was designed in order to align the center of the magnetic bearing with the exact center of the stator of the IM (gray part in Figure 8 ). Onto that frame, eddy-current probes are fitted which measure the position of the shaft on an inner race of a plain bearing (to obtain a nearly perfect circular surface). A high-end real-time controller (cyclic time of 0.1ms) is implemented in order to execute the control-loop and so control the position of the rotor with high precision. In order to prevent overheating of the magnetic bearing, thermocouples are mounted in all four bearing-coils. Those temperatures are systematically evaluated by the realtime controller, activating an alarming-system as soon as the temperature exceeds the predefined limit (150 • C). An easy accessible user-interface is programmed in order to continuously change and monitor the operational parameters of the IM and the emulation-properties. Three main fault-categories can be emulated: misalignment, rotor mass unbalance and bearing faults. Regarding bearing faults, inner race, outer race and cage bearing faults can be imposed into the IM. Due to being able of changing the fault-properties during operation, the impact of evolving mechanical faults in the stator current can be continuously logged while keeping all environmental influences in a steady-state. In this paper, only experiments of a varying single point bearing outer race pitting are presented.
IV. EXPERIMENTS
Conclusively, the goal of the test-rig and its experiments is finding the relation between the severity of mechanical faults and their signatures in the stator current's spectrum. If those relations can be quantified, the severity of mechanical faults can be estimated by measuring the stator current. In this experiment, information is obtained regarding the relation between the severity of a single point outer race bearing fault component and its reflection in the stator current spectrum for an 11kW IM. The test is initiated by operating the IM at nominal speed without any fault-emulation. At that moment, the AMB is functioning as a regular, mechanical bearing. From thereon, accessing the fault-emulating userinterface, the pit-length of the single point bearing fault is discretely increased while the stator current's time-data is acquired continuously. The time-domain is transformed to the frequency-domain based on the discrete Fourier transform with increased accuracy in magnitude and frequency, of which the algorithm is discussed in [10] , based on [15] . The analysis of the frequency-data is executed by an automatic algorithm which searches for time-varying spectral components. In other words, the algorithm searches automatically for the frequencycomponents that have a certain dependency on the pit-length. The result of this analysis is plotted in Figure 9 . That figure only presents the frequency-components which have a certain linear/quadratic correlation (coefficient of determination: r 2 ≥ 0.75) and a significant positive trend with respect to the pit-length l pit . All other, irrelevant spectral components in the currents' spectra are excluded from Figure 9 .
Via Motor Current Signature Analysis (MCSA), stator current frequency-components are related with specific electrical and mechanical problems in the IM (e.g. misalignment, stator winding shortcuts, broken rotor bars, unbalance, bearing outer race problem, bearing cage problem. . . ). These specific faultindicators and their unique signatures in terms of frequency are extensively discussed in [10] and can be summarized for outer race, inner race, ball and bearing cage faults, respectively as [4] , [8] - [10] , [12] , [21] - [26] :
with: f 1 , the fundamental current frequency and the integer k = 1, 2, 3 . . .. The predefined MCSA fault-components can now be matched with the results out of the current analysis presented in Figure 9 . Exceedingly, each trending frequencycomponent can in fact be related with bearing problems. The specific link of the valuable current-components and the type of bearing fault is listed in Table II (column Indication). In the other columns, specific information can be found regarding the trending of the component as function of the pit-length. It can be noted that the fault-components are clearly dependent on the pit-length by a quadratic function. If only the outer race bearing fault components are considered, a mean coefficient of determination (r 2 ) of 0.8997 is obtained. Although only a single point outer race bearing fault is implied on the machine, clear signatures of a bearing ball defect and an inner race bearing fault are as well present in the spectrum. It is common, when a severe bearing fault occurs, all types of bearing fault signatures are propagated. However, the presence of the outer race bearing fault signature is in this case sufficiently differentiated in presence with respect to the others (see harmonic orders k). Further experiments and analysis will have to be performed on single point inner race bearing faults in order to completely differentiate between both signatures. Anyhow, the estimation of the fault-severity is far more important then the detailed characterization and identification of the fault. As the relation between the fault-severity has a distinct, quantified correlation with the stator-current components, the experiment is considered a success. It can be concluded that the first-order fault-components increase 3mA/mm for this specific 11kW IM. As the fault development and the electrical/mechanical relation should be the same for other power-sizes of IMs, the results should easily be extrapolated by validating several measurement-points of the quadratic curve. This statement will have to be confirmed in future research.
V. CONCLUSION
Using an analytical method, specific rotor-movements in an IM severing faulty bearing conditions can be calculated for an infinite number of cases and conditions. As the ability is created of inducing those movements in an 11kW IM via an accessible rotor-exciter, a platform is created to investigate the relation between the severity of bearing-faults and their reflection in the stator current with high reproducibility. First experiments where conducted and the first results where presented in this paper regarding outer race bearing faults. More specifically, the relation between the pit-length of a single point outer race bearing fault and its corresponding signatures in the current's spectrum was investigated. It can be concluded that a clear relation can be found, defined by a quadratic function with a correlation of r 2 =∼ 0.9, between the magnitude of the fault-indicating current-components and the pit-length. Nevertheless, future research and emulation is needed with other types of bearing faults in order to clearly elucidate the signatures of the different types bearing faults. However, by fitting the trend in the current fault-components by a quadratic curve, an estimation about the severity of the bearing fault can be defined based on the stator current fault components.
